Ultraslow radiative cooling lifetimes and adiabatic detachment energies for three astrochemically relevant anions, C − n (n = 3 − 5), are measured using the Double ElectroStatic Ion Ring ExpEriment (DESIREE) infrastructure at Stockholm University. DESIREE maintains a background pressure of ≈10 −14 mbar and temperature of ≈13 K, allowing storage of mass-selected ions for hours and providing conditions coined a "molecular cloud in a box". Here, we construct two-dimensional (2D) photodetachment spectra for the target anions by recording photodetachment signal as a function of irradiation wavelength and ion storage time (seconds to minute timescale). Ion cooling lifetimes, which are associated with infrared radiative emission, are extracted from the 2D photodetachment spectrum for each ion by tracking the disappearance of vibrational hot-band signal with ion storage time, giving ). Fits of the photodetachment spectra for cold ions, i.e. those stored for at least 30 s, provides adiabatic detachment energies in good agreement with values from laser photoelectron spectroscopy. Ion cooling lifetimes are simulated using a Simple Harmonic Cascade model, finding good agreement with experiment and providing a mode-by-mode understanding of the radiative cooling properties. The 2D photodetachment strategy and radiative cooling modeling developed in this study could be applied to investigate the ultraslow cooling dynamics of wide range of molecular anions.
I. INTRODUCTION
Which molecular anions exist in space? What are their formation mechanisms and life cycles? These are two long-standing questions in astrochemistry.
1,2 Prior to a decade and a half ago, H − was the only anion thought to play a prominent role in the interstellar medium (ISM). In 2006, the first molecular anion, C 6 H − , was discovered by comparing astronomical line spectra with gas-phase action spectra recorded in the laboratory.
3 Over the next four years there were five further identifications: C 4 H -,
4
C 8 H -, 5 CN -, 6 C 3 N -, 7 and C 5 N -. 8 Vibrationally excited C 6 H -was also detected alongside C 5 N -. 8 However, despite increasing interest in the role of molecular anions in space, there has been a stall in new identifications. It is thought that the discovery of new molecular anions is thwarted by a lack of understanding of the formation mechanism(s) and dynamical properties of both the anions known to exist in the ISM and new anions yet to be assigned.
2,9 Dynamical properties in this context include electron capture cross-sections, electronic internal conversion efficiencies and couplings between dipole-bound and valence-localised states, cross-sections for neutralization reactions with cations, and the rates of radiative cooling. 10, 11 As an example of the need for reliable measurements of the dynamical properties of astrochemia) Electronic mail: james.bull@uea.ac.uk b) Electronic mail: mark.stockett@fysik.su.se cally relevant anions, in a discussion on radiative electron attachment (which involves formation of a vibrationally excited ground state ion that must cool) Herbst 12 remarked "The discovery of molecular anions [in space] has generated the need to include their formation and destruction in chemical models ... the larger [carbonaceous] molecular anions detected (n = 6, 8) have higher abundances relative to their neutral precursors because the radiative attachment rate increases with the number of degrees of freedom of the anion. However, their rate estimates are quite uncertain and experimental studies are highly welcome." Although gas-phase action spectroscopies can provide data on electronic transitions and detachment energies for carbonaceous anions, 13 their dynamical properties such as infrared (IR) radiative cooling lifetimes are more difficult to measure because hot anions need to be isolated (i.e. free from collision) for periods of milliseconds to minutes. These conditions are not attainable using conventional ion traps.
Here, we used the Double ElectroStatic Ion Ring ExpEriment (DESIREE) infrastructure at Stockholm University to characterize the radiative cooling lifetimes and adiabatic detachment energies (ADEs) of C − n (n = 3 − 5) by monitoring the intensity of vibrational hot bands near the electron detachment threshold with ion storage time. The present investigation targeted the C − n (n = 3 − 5) species because they are likely ISM anions. In particular, they possess similar bonding and electronic structure to the molecular anions already known to exist in the ISM, they could be formed through either photodissociation or dissociative electron attachment mechanisms, 1,2 and neutral C 3 and C 5 are known interstellar molecules.
14,15
Although anions are unlikely to be significant astrochemical species in 'photon-dominated regions' (PDRs, e.g. diffuse clouds) due to facile destruction by photodetachment with visible and ultraviolet light, 2,16 the abundance of anions in dark clouds (e.g. C − 6 in L1527) 17 has been shown to reach nearly 10% of that for the corresponding neutral molecule, suggesting that negative charge in photon-free regions of space is more likely in the form of anions than free electrons. Cold dark molecular clouds have temperatures of 10-20 K. 18 The normal operating temperature of DESIREE (≈13 K) is squarely within this range.
19
In the absence of collisional quenching, the spontaneous cooling dynamics of hot molecular anions such as C − n (n = 3−5) can be divided into three time (t) regimes:
• Statistical regime I (t ≤10 −3 s): Internal energy is high, e.g. several electron-volts above the thresholds for dissociation, thermionic emission, 20 and recurrent/Poincaré fluorescence. 21 The energy threshold for thermionic emission is the ADE, which for C − n (n = 3 − 5) is ≈2-4 eV, and the energy threshold for dissociation can be approximated by the lowest bond dissociation energy (≈3-4 eV). Both thermionic emission and dissociation lead to destruction of the anion. Recurrent fluorescence, which is known for C − 4 and C − 6 , 22-25 involves inverse internal conversion to an electronic excited state (situated below the ADE, e.g. ≈2-3 eV) followed by radiative emission.
26
• Slow regime II (t ≈10 −3 -1 s): Internal energy is in the vicinity of the lowest thresholds for the cooling mechanisms important for Regime I, e.g. ∼2 eV. In addition to slow cooling through these mechanisms, radiative emission due to vibrational transitions becomes important.
• Ultraslow regime III (t > ∼ 1 s): Internal energy is below the thresholds for dissociation, thermionic emission and recurrent fluorescence. Ions cool only through radiative vibrational (IR) transitions and rotational (microwave) transitions, with vibrational cooling occurring much faster than rotational cooling. 19, 27 Cooling dynamics in this regime have been explored for only a few small anions due to technical challenges associated with isolating ions for durations extending to minutes and maintaining low background temperatures.
28-33
While the target anions have been intensively studied by several groups in recent years, all studies used room-temperature electrostatic ion storage rings or beam traps and were limited to characterizing cooling dynamics occurring on sub-second timescales. 23, 25, [34] [35] [36] [37] In the present study, we have used the DESIREE infrastructure to investigate the cooling dynamics of the target anions on the ultraslow, t > ∼ 1 s timescale. Our strategy involved storing ions for up to ≈1 minute and using photodetachment spectroscopy to monitor the intensity of hot bands with ion storage time, providing an indirect characterization of cooling lifetimes. The 1 e ion cooling lifetimes, which are attributed to IR radiative emission, are well-described by a simple harmonic cascade model of this process. Fits of the cold photodetachment spectra associated with ions stored for at least 30 s to the Wigner threshold law demonstrate an alternative, cryogenic method for obtaining ADE values.
II. METHODS
DESIREE is a cryogenic dual electrostatic ion storage ring facility located at the Department of Physics, Stockholm University. 38, 39 The major components constituting the so-called 'symmetric' storage ring are schematically illustrated in FIG. 1. The interior of the ring is cooled to ≈13 K by compressed helium refrigerators and is isolated from external thermal radiation by several layers of insulation. 19 Vacuum is maintained at a background pressure of ≈10 −14 mbar using cryopumping combined with turbomolecular pumps and oil-free backing pumps. These ultrahigh vacuum conditions allow storage of keV ion beams for hours. 40 In the present experiments, the target anions [C − n (n = 3 − 5)] were produced using a caesium sputtering ion source with a graphite cathode.
39
This process generates ions with a high degree of rovibrational excitation, i.e. source-heated ions. The nascent ions were accelerated to 10 keV, selected according to their mass-to-charge ratio using a bending magnet, and injected into the symmetric ion storage ring. Transport from the source to the ring takes ≈100 µs. The ions through collisions with background gas.

A. One-color experiments
In the one-color experiments, stored ions were irradiated with tunable-wavelength light from an optical parametric oscillator (OPO, EKSPLA NT342B, 10 Hz) using a crossed-beam geometry through one of the straight sections of the ion storage ring ( see FIG. 1 ). Any neutral particles formed through photodetachment or photodissociation are unaffected by the ring's electrostatic steering fields and impact on a micro-channel plate (MCP) detector ('Imaging Detector' in FIG. 1) . 41 Signal from the MCP detector was gated using a 1 µs duration pulse that was slightly delayed with respect to the OPO pulse to account for the neutral particle's flight time from the interaction region to the detector. The purpose of the gate was to eliminate signal from scattered OPO light striking the detector and to minimize background counts from collision-induced detachment events due to the residual gas consisting of ∼10 4 H 2 molecules per cm 3 . The OPO wavelengths were calibrated using an optical spectrograph (Avantes AvaSpec-3648), which was itself calibrated against a wavemeter (HighFinesse WS-8) via a diode laser (632.6 nm). The irradiation wavelength was stepped in 0.5 nm increments (2 nm for C − 4 ) between ion injections for a given ion storage time, providing a two-dimensional (2D) photodetachment spectrum, i.e. a series of photodetachment spectra as a function of wavelength and ion storage time (see Refs 19,27 for a similar procedure applied to rotational cooling of OH − ). For a given ion, the time evolution of the photodetachment yield at a specific wavelength or range of wavelengths can be obtained by taking a wavelength slice through the 2D photodetachment spectrum.
Part of our interpretation applied Principal Component Analysis (PCA) 42 to the 2D photodetachment spectrum for each ion. PCA is a common statistical procedure that decomposes a multi-demensional data set X into a set of orthogonal principal components (PCs) which are the eigenvectors of the covariance matrix X T X. The eigenvalues associated with each PC relate to the fraction of the variation in X that is explained by each PC and the principal values (PVs, the projection of X on its PCs) give the wieght of each PC as a function of time. In the present case, the PCs may be thought of as the underlying spectra that describe the evolution of the photodetachment spectra with ion storage time, with a time invariant background due to photodetachment signal from cold ions (or nearly time invariant because of a finite ion beam storage lifetime).
43
The cooling lifetimes obtained from the PVs should be considered wavelength-averaged values since each probe wavelength provides slightly different ion cooling lifetime due to a distribution of internal vibrational energies in the stored ion beam.
B. Deplete-probe experiments with C − 3
Deplete-probe experiments on source-heated C − 3 were performed by adapting the procedure recently described by Schmidt et al. 19 , where the effect of the depletion laser was to preferentially photodetach rotationally excited ions and thus reduce the measured ion cooling lifetimes. Depletion involved intercepting the stored ion beam with 620.5 nm light from a cw laser (Coherent 899 ring dye laser) using a merged-beam geometry in the straight section of the ion storage ring opposite the OPO light interaction region ( see FIG. 1 ). The depletion laser wavelength (620.5 nm or 1.998 eV) was chosen to be close to the ADE from the present measurements (see below) because the photodetachment cross-section for vibrationally excited (hot band) C − 3 is much larger than that for cold ions.
C. Adiabatic detachment energies
The adiabatic detachment energy (ADE) for each anion was extracted from cold photodetachment spectrum assuming fit with the Wigner threshold law:
where σ P D is the photodetachment cross-section, KE is the kinetic energy of the ejected electron (energy in excess of the ADE for a direct photodetachment process), and L is the angular momentum of the outgoing electron. For the present systems which involves photodetachment from π molecular orbital, we find that L = 2 (d wave photoelectron) provides best fit to the experimental data. The ADE is taken to be the energy at which the Wigner threshold law fit exceeds 3σ of the baseline signal. We note the above expression is strictly valid for atomic species; best fit values of L can deviate from integers for molecules -see example fit for C − 3 in the Supporting Information.
D. Radiative cooling lifetime modeling
Spontaneous cooling in the present experiments is presumed to occur through IR radiative emission. A simple harmonic cascade (SHC) model was developed to interpret the experimental results. The model assumes vibrational density of states ρ computed using the Beyer-Swinehart algorithm using anharmonic or scaled harmonic vibrational mode frequencies ν s calculated at the ωB97X-D//aug-cc-pVTZ level of theory with QChem 4.4 (see Supporting Information).
46-48 For a given mode s, the IR radiative cooling rate coefficient, assuming only transitions where ∆v s = −1 are allowed, with v being the vibrational quantum number, is
where E is the energy of a given vibrational state, h is Plank's constant, and the summation is over v (v = 0 and 1 are the ground and first excited vibrational states of mode s, respectively). The Einstein coefficients A 10 s
were calculated at the ωB97X-D//aug-cc-pVTZ within the harmonic approximation (see Supporting Information). Starting from an initial Boltzmann distribution of vibrational energy g(E, t = 0) corresponding to 1000 K, the population in each level was recalculated at each simulation timestep. The model allowed for two treatments of intramolecular vibrational energy redistribution (IVR), 49 i.e. statistical randomization of vibrational energy with time, t:
(i) IVR is negligible or slow compared with radiative cooling -the population of each mode is explicitly tracked according to the expression below:
(ii) IVR is fast compared with radiative coolingvibrational energy is statistically redistributed each simulation time step and the total energy emitted radiatively at each time step is:
where the total energy remaining in the ensemble as a function of time E tot (t) = Eg(E, t)dE was taken as an indicator of the progress of cooling. Given that the vibrational energy quanta are small and the number of stored ions is large, level occupation numbers were treated as continuous quantities. We expect that case (ii) should be most relevant for the present source-heated anions because ion cooling lifetimes are long (seconds timescale) compared with the expected timescale for IVR (nanoseconds to millisecond timescale). The SHC modeling starts from a hot ensemble and simulates the internal energy as a function of ion storage time. For case (i), the internal vibrational energy reached a non-zero asymptotic value because any population that was portioned to IR inactive modes is not emitted radiatively. For case (ii), because the lowest frequency vibrational modes for each anion are IR active, all vibrational energy in excess of the zero-point energy can be liberated and thus the model goes asymptotically to zero vibrational energy at long times. To compare results from the SHC model with experiment for which there is non-zero photodetachment signal at long ion storage times for wavelengths shorter than the ADE due to photodetachment from cold ions, it was necessary to add an asymptote offset equal to the value extracted from an exponential fit of the experimental data. Furthermore, it was found that the initial temperature assumed in the SHC model (e.g. 500 -5000 K) altered the cooling dynamics only on timescales much faster than those probed in the present experiments, e.g. milliseconds.
It is worth noting that we found use of the commonly cited harmonic frequencies and intensities from Szczepanski et al. 50 calculated at the B3LYP/6-31G* level of theory within the SHC framework produced qualitatively similar results to that presented in this study, but required scaling the A 51 due to vibrationally excited C − 3 ions that cool over the first <30 s, providing a 'cold' photodetachment spectrum (30-57 s spectrum). A fit of the cold photodetachment spectrum with the Wigner threshold law gave ADE = 1.990±0.005 eV (623±0.6 nm), which is within error of the earlier photoelectron spectroscopy determination.
The lower panel of FIG. 2 shows photodetachment signal with ion storage time (1 s time bins) at six selected wavelengths. Fits with a single-exponential decay curve gave lifetimes ranging from 4.3±0.8 s (590 nm) to 1.8±0.2 s (615 nm), demonstrating that cooling occurs more slowly for anions probed at shorter wavelength, i.e. those closer to the detachment threshold. This is readily interpreted in terms of EQN 2, which indicates that the cooling rate rapidly increases with vibrational excitation and the variation in ion cooling lifetime is due to the stored ion beam having a distribution of internal vibrational energies.
Principal component analysis (PCA) of the 2D photodetachment spectrum for C the cold spectrum from PCA with the Wigner threshold law gave an ADE of 1.987±0.004 eV (624.0±0.6 nm), which is within error of above determination using the cold, time-binned photodetachment spectrum.
IR radiative cooling characteristics for C length longer than that of the cw laser. These data provide a proof-of-principle measurement demonstrating a deplete-probe scheme to preferentially remove hot ions from the stored ion beam. The extent of depletion could likely be improved through better overlap of the cw beam with the ion beam and increase of cw laser power. indicate that hot-band signal has disappeared after ≈30 s. Fit of the 30-55 s timebinned spectrum with the Wigner threshold law gave an ADE of 3.83±0.03 eV (323.7±2.5 nm), which is consistent with the value from photoelectron spectroscopy (3.882±0.010 eV).
51
Application of PCA to the 2D photodetachment spectrum of C − 4 again suggested that a single principal component (PC1 in FIG. 5, middle) describes the variation in the hot band intensity with ion storage time. The principal value of PC1 with ion storage time (PV1 in FIG. 5 , lower) has a fitted lifetime of 6.8±0.5 s, which is roughly twice that for C − 3 and comparable with the wavelengthbinned values given above. Unfortunately, the data is of insufficient quality for a bi-exponential fit to account for the beam storage lifetime. As for C time-binned spectrum with the Wigner threshold law gave ADE = 2.82±0.01 eV (439.7±1.6 nm), which agrees with the value from photoelectron spectroscopy (2.839±0.008 eV).
51 Intriguingly, the cooling behaviour presents a different situation compared with C − 3 and C − 4 . Whereas hot band photodetachment signal at wavelengths longer than ≈435 nm diminishes over the first few seconds of ion storage, there is an enhancement of photodetachment signal for wavelengths shorter than ≈435 nm (i.e. above the ADE), which will be discussed soon.
Ion cooling lifetimes at selected probe wavelengths are 22±3 s (435 nm), 7.7±0. in FIG. 6 , lower) required both exponential decay and growth functions. The growth lifetime for PC2 is within error of the long decay lifetime associated with PC1 (i.e., after ≈10 s PV1 + PV2 is roughly steady state), implying that hot band population associated with PC1 eventually contributes to PC2 at longer ion storage time. We assign PC2 to predominately the
(ν = 0) detaching transition, which occurs at slightly shorter wavelength (≈0.5 nm) than the alternative
(ν = 0) spin-orbit detaching transition. [51] [52] [53] Assuming this assignment is correct, it appears that as ions cool, the relative population of ground vibrational state anions increases and consequently the apparent photodetachment cross-section for resonant detaching transitions increases (presumably much more so than for C Note, because ν 7 is an IR inactive mode (see Support-ing Information), decay must be due to IVR followed by radiative emission.
IR radiative cooling characteristics for C 
IV. SUMMARY AND OUTLOOK
The present work has investigated the ultraslow cooling characteristics of three astrochemically relevant anions under conditions approximating a molecular cloud. Interestingly, an increase in molecular size leads to longer average ion cooling lifetimes: 3.1±0.1 s for C . Variation in ion cooling lifetimes across the hot band is attributed to a distribution of internal energies. These are the first known measurements on carbonaceous anions extending to the ultraslow (seconds) timescale; all previous measurements have been performed under room temperature conditions and were restricted to measuring the sub-second cooling dynamics.
The increase in average ion cooling lifetime with molecular size can be understood by considering the point group symmetry (D ∞h ) of the anions and that E1 radiative transitions require a change in electric dipole moment. In particular, the high symmetry means that each of present anions have only three vibrational modes with A 10 coefficents larger than 10. Although A 10 coefficients for 1 Σ − g symmetric vibrational modes quickly increase with molecular size beyond C − 5 , for n = 3−5 there are an increasing number of low frequency modes with increasing n (mostly IR inactive) and the weakly IR active Π u symmetric vibrational modes become lower in frequency and have lower radiative emission rates (see EQN 2 and Supporting Information). The net result is an increase in ion cooling lifetime with increasing n. These ion cooling dynamics would not be evident at room temperature for n > 3 because the average thermal vibrational energy exceeds the energy of the low frequency modes: ≈342 cm −1 (C − 4 ) and ≈587 cm −1 (C − 5 ) at 298 K assuming harmonic vibrational partition functions. We are presently applying the 2D photodetachment strategy with DESIREE to study the ultraslow cooling dynamics of larger carbonaceous anions to further explore these trends. These results will be the presented in a forthcoming paper.
As part of the present study, we developed a simple harmonic cascade model that proved capable of simulating IR radiative emission using input data from conventional electronic structure calculations. With provision for IVR, the model was able to qualitatively reproduce the experimental ion cooling lifetimes and provide a mode-by-mode understanding of the cooling dynamics. The agreement between theory and experiment provides confidence for applying this model to anions for which experimental data is not available or difficult to measure.
Finally, it should be noted that application of the present 2D photodetachment methodology to larger molecular anions may prove more complicated due to near-threshold resonant excitations. Specifically, if there are substantial cross-sections for photoexcitation of ππ * states situated below the detachment threshold or for resonances situated in the detachment continuum, ensuing autodetachment and internal conversion dynamics might affect the observed ion cooling lifetimes and spectral features. For example, experiments have shown that photoexcitation followed by internal conversion to recover the ground electronic state is efficient for C − n (n > 4) and polycyclic aromatic hydrocarbon (PAH) anions, 20,54-56 with photoexcitation cross-sections for optically allowed transitions in PAH anions generally being much larger than cross-sections for direct photodetachment. If neutral formation through thermionic emission or dissociation processes takes longer than the time ions spend in the straight section of the ion storage ring after irradiation (≈4-5 µs), then neutrals formed outside of the straight section of the ion storage ring will not be counted. Fortunately, in DESIREE, the relative importance of delayed neutral formation can be ascertained by simultaneously measuring neutral yield on the detector on the opposite straight section of the ion storage ring (Glass Plate/MCP detector in FIG. 1) .
